The mechanisms by which cells extend motile pseudopodial projections are still poorly under stood. Several fundamental mechanisms have been proposed on the basis of hydrostatic pressure, membrane addition and microfilament reorganization. A common focus of all such mechanisms is the growing tip of a pseudopodium. Yet some basic questions about the nature of the tip in natural pseudopodia remain obscure. However, one class of structure, the virus-tipped projections, often contains a well-defined particle, both morphologically and biochemically, and therefore provides a useful model system for the examination of the tips of cellular projections.
INTRODUCTION
Motile cells from a wide variety of sources produce a group of surface projections commonly referred to as pseudopodia (Vasiliev, 1981) . Morphologically, these projections can appear very different, ranging from the stout, rounded projections, lobopodia, of phagocytic cells (Yinef al. 1981; Boyles & Bainton, 1981) , through the thin, long filopodia of growing neurites (Bray & Bunge, 1973; Albrecht-Buehler, 1976) , to the broad, flat, sheet-like lamellipodia (Abercrombie et al. 1970 ) of moving fibroblasts. Consideration of such diverse structures within a common classification is based on the existence of a number of fundamental similarities (Vasiliev, 1981) . They all represent highly motile and impermanent cellular extensions. Their motile characteristics are related to the existence of a very dense cytoplasmic arrangement of 130 R. A. Mortara and G. L. E. Koch microfilaments. It is commonly characteristic for most cellular organelles to be excluded from these pseudopodial regions, irrespective of morphology. In some cases, interconversion of the lamellipodial and filopodial structures has been observed (Edds, 1980) , further emphasizing their intrinsic similarity.
One of the fundamental problems in cell biology concerns the mechanism by which cells extend their margins during the formation of the pseudopodial pro jections. Two of the intuitively simple concepts that have been advanced as pro viding a motive force for membrane extension have been a localized increase in hydrostatic pressure (Taylor etal. 1973 ) and membrane addition (Abercrombie et al. 1970; Harris, 1973) , respectively. In the former the local increase in hydro static pressure could be generated by a contraction in one region accompanied by a herniation in the region of pseudopodial growth (Taylor & Fecheimer, 1982) . Recently, an alternative based on a local increase in osmotic pressure has been proposed (Oster, 1984) . Membrane addition as a basis for pseudopodial growth could operate by the fusion of membrane vesicles at the tip of the growing projection. Compensatory internalization of membrane in the cell body coupled via recycling through the cell to the site of addition would provide the basic mechanism for pseudopodial growth by membrane addition.
An alternative type of model, which is intrinsically more complex, for pseudo podial growth, is based on the invariable presence in such structures of very high concentrations of actin-rich microfilaments. Mechanisms of pseudopodial growth based on actin polymerization (Tilney etal. 1973 (Tilney etal. , 1981 , re-organization of actin filaments (Tilney, 1975; De Rosier etal. 1980) or even actomyosin-driven mem brane extension have been proposed. Although there are some difficulties in visualizing how filaments could actually push out the membrane (Wessells et al. 1973) , a major advantage of this type of mechanism is that the existence of the putative motive elements, the microfilaments, is clearly established. This contrasts with models such as membrane addition, which suffer from a lack of evidence for the basic elements such as vesicles, which are presumed to provide the membrane added at the growing end of the pseudopodium.
Resolution of this issue is severely limited by the lack of understanding of some basic structural features of pseudopodia. Of particular relevance are the structure and composition of the proximal tip of the projections. Most models accept that the focus of growth is the region most remote from the cell body. Thus the hydrostaticpressure model requires that pressure should be applied at the apex, and an actindriven model requires that actin polymerization, for example, should originate from that site. From the analytical standpoint, the type of projection most amenable to structural examination is the thin, long filopodium that has a relatively restricted and defined tip compared with the grosser lobopodia and lamellipodia. Thus the analysis of filopodia is a major area of interest in current examinations of this problem. Of particular relevance is the elucidation of the relationship between the internal structural elements, i.e. the microfilaments, and the membrane at the tips of the projections.
Pseudopodial structure and extension
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STRUCTURE OF TIPS OF FILOPODIA
Surprisingly little is known about the tips of cellular projections. Generally speaking, one of the most intensively analysed surface projections is the gut micro villus, where it is established that there is a distinct dense zone at the tip of the projection and that the micro filaments that make up the core insert into this dense body (Mooseker & Tilney, 1975) . It is generally assumed that there are binding proteins for the microfilaments in this apical region, but they have not been identified. The claim that ar-actinin is present in this dense body (Mooseker & Tilney, 1975) has not been confirmed (Bretscher & Weber, 1978) .
The presence of dense material at the tips of cellular projections appears to be relatively common, although it cannot be concluded that they are obligatory. Seaurchin coelomocyte filopodia, which can be isolated and analysed, also show a dense apical structure that remains associated with the microfilament bundle after demembranation (Otto & Bryan, 1981) . However, no biochemical characterization of these apical structures has been performed. Similarly, the fertilization tube of Chlamydomonas, which is also an actin-rich projection, exhibits an apical dense body (Detmers etal. 1983) . It has frequently been reported that normal filopodia or microspikes on the surfaces of cells such as fibroblasts appear to possess an additional morphological specialization at the tip. Little is known about the structure or composition of these apical specializations.
It is clear from the above that a major constraint upon progress towards elucidating what happens at the tip of a growing projection is the lack of projections with adequately characterized apices.
INDUCTION OF SURFACE PROTEINS BY BUDDING VIRUSES
Many viruses are produced as a result of the budding of a particle from the plasma membrane. In many cases this involves the formation of a bud, which seals off and separates from the cell. However, in some cases the assembly of virus particles at the plasma membrane appears to be accompanied by the formation of surface projections resembling normal microvilli and filopodia. An example of this capacity of viruses to induce the formation of surface projections is observed in studies with vaccinia virus. When cultured cells are infected with myxoviruses such as vaccinia or Newcastle disease virus (NDV), they are induced to form projections (Stokes, 1976) very reminiscent of the normal microvilli on cells, with the exception that each projection contains a single virus particle at its tip. The fact that the expression of these projections is contingent upon viral infections strongly implicates the virus itself in the formation of the projections.
The capacity of myxoviruses to induce surface projections was originally described in the classical study by Marcus (1962) . When HeLa cells were infected with NDV, the viral haemagglutinin was first detected at the tips of microvillus-like projections. These projections move centripetally towards the centre and the viral haemagglutinin remains permanently attached to the projection during this process. Parenthetically, it has been claimed that this experiment proves that the viral 132
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haemagglutinin is inserted at the cell margin (TIBS, 1985) . However, the haemagglutination assay is very sensitive to valency changes (Morawiecki & Lisowska, 1965) . Thus the margin might simply be the site of microvillus and viral assembly and not the site of haemagglutinin insertion.
Numerous other examples of virus-tipped surface projections have been described (Iwasaki & Tsuchida, 1978; Wanget al. 1976; Damsky et al. 1977) . Several of these involve retrovirus particles. In one of the classical studies of virus production, strong evidence was obtained that the virus actually induced the formation of filament-rich projections (Yuen & Wong, 1977) .
A less-direct line of evidence, namely, the presence of actin within a number of purified viruses, has led to the suggestion that viruses might commonly bud from the apices of surface projections (Wang et al. 1976; Damsky et al. 1977) . The corrollary of this is that the ability of virus particles to induce surface projections is a relatively general phenomenon. However, studies with cytochalasin B have suggested that, even in such cases, the induction of actin-rich projections might not be obligatory (Genty & Bussereau, 1980) .
RETROVIRUS-TIPPED PROJECTIONS ON P815 CELLS
The P815 cell line was one of the first murine cell lines to be established in permanent culture (Dunn & Potter, 1957) . It is commonly believed that the cell line was derived from a cell of the mast cell lineage. However, several studies have shown that the cell line expresses several markers associated with the macrophage lineage and more that are diagnostic of mast cells. Thus it is probable that the P815 cell is itself a derivative of the macrophage lineage. Some years ago it was shown that the P815 cell, or at least one of the many sub lines derived from it, exfoliated large amounts of actin-rich material from its surface (Koch & Smith, 1978) . Analysis of this material revealed a stable association between a membrane protein, the H-2 antigen and the microfilaments in these structures. It was suggested that the exfoliate was derived from surface microvilli.
Electron microscopy of the exfoliate shows that it consists of thin (0-1 jum) long (>10¡m\) membrane projections (Fig. 1) . Under the currently accepted termin ology, such projections cannot be derived from microvilli since this usually refers to relatively short projections. When intact P815 cells are examined by either scanning or transmission electron microscopy ( Fig. 2) , it is found that the surface is covered with large numbers of thin, long projections resembling the filopodia on other types of cells. The filopodia appear to be very fragile with a tendency to pull away from the cell body in large numbers, yielding material very similar in appearance to the exfoliate. Therefore, it appears that the exfoliate consists of detached filopodia and provides a convenient system for the analysis of these structures.
A particularly interesting feature of the P815 cells was revealed upon close examination of the electron micrographs (Fig. 3) . At the tips of most of the projections a definite, dense structure was found. The apical dense body has the characteristic morphology of an immature C-type retrovirus particle. Analysis of the Pseudopodial structure and extension 133 Fig. 1 . Morphology of P81S exfoliates by transmission electron microscopy (TEM). P815 cells were subjected to mechanical shearing, the exfoliates released to the super natant were fixed in situ, and stained with 1% (w/v) aqueous uranyl acetate. The tendency of the exfoliates to break, entangle and vesiculate is apparent. Bar, 0-5 urn. Arrowheads indicate the bulbous tips on some filopodia. The tendency of the surface filopodia to entangle, detach from the cell body, to break and vesiculate, as well as the lack of uniformity in the diameter of individual projections is apparent in these micrographs. Bars, 1 ¿am. exfoliate confirmed the presence of substantial amounts of murine C-type retrovirus proteins, and direct immunogold labelling with monospecific antibody to murine retrovirus proteins such as P30, confirmed the identity of these as C-type retrovirus particles.
The fact that the apical particle is a retrovirus is particularly convenient since these viruses have a relatively simple structure and composition; and quite a lot is understood about their assembly (Bolognesi etal. 1978) . This, together with the facility with which they can be isolated, makes P81S filopodia a useful system for the analysis of the events occurring at the tip of a pseudopodium.
The formation of virus-tipped filopodia is not unique to the P815 cell line. We have found that three other murine cell lines derived from the macrophage lineage produce retroviral filopodia, which can be isolated in the same way as those from the P815 cell. In fact many of the studies described below for P815 filopodia have also been carried out with projections isolated from the other cell lines.
ATTACHMENT OF ACTIN TO THE APICAL RETROVIRUS PARTICLE OF P815
FILOPODIA Demembranation of P815 filopodia is readily effected with a non-ionic detergent such as Nonidet P40. Examination of this material by electron microscopy (Fig. 4) shows that it consists of filaments and spherical particles resembling the nucleocapsid 'cores' of murine retrovirus particles. The filaments were identified as actin filaments by classical myosin subfragment 1 (SI) decoration and the particles as cores by immunogold labelling. The striking feature of these preparations was the high incidence (30 %) of viral cores that contained a single actin filament attached end-on to the core structure. No clear examples of more than one filament attached to a viral core has been observed so far.
Decoration of filament by myosin SI fragments confirmed that it was an actin filament. Under the condition of staining that yield reasonable detail of the core structure, the polarity of the filament is not clear because the arrowhead pattern is not easily discernible. However, under the more conventional negative staining procedures, which give less detail of the core structures, the arrowhead pattern is clearer and points away from the viral core (Fig. 5) .
Associations between a single actin filament and viral cores were also detected in the demembranated exfoliate from the other macrophage tumour cell lines mentioned above. Thus the arrangement observed in the P815 filopodia does not appear to be unique to this particular cell line.
ACTIN-ASSOCIATED VIRAL POLYPEPTIDES
The existence of actin filaments attached to the viral cores suggested that viral components might actually interact with actin itself. Co-sedimentation studies with the demembranated filopodia showed that some of the viral polypeptides, particu larly Pr65, did indeed co-sediment with filamented actin. A more rigorous test of such associations is the myosin affinity technique, developed previously (Koch & Smith, 1978) . When the actin is extracted from detergent-treated filopodia all of the Pr65 and some of its proteolytic fragments, notably P30, are specifically extracted with the actin (Fig. 6) . The binding of Pr65 is completely inhibited by pre-saturating the myosin with actin showing that Pr65 extraction is mediated through actin. The extraction of P30 is more complex because only a fraction is extractable with myosin and only a part of this is prevented from binding by actin saturation.
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ACTIN-BINDING VIRAL POLYPEPTIDES
To examine the possibility that viral polypeptides could serve as binding sites for actin filaments, they were tested for the ability to bind actin in an overlay assay (Snabes et al. 1983) . When filopodia or cores are fractionated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and developed with 125I-labelled F actin, two major actin-binding species are detected (Fig. 7) . One of these has been identified tentatively as a gelsolin-type protein. The other co-migrates exactly with Pr65 and is also present in highly purified RNA tumour virus prep arations. When Pr65 is purified by standard procedures and examined by the overlay assay, it also binds actin. It has been shown that this assay is subject to artefacts of unknown origin (Brown, 1985) . However, under the conditions used in our studies, general binding to proteins did not occur, so the binding of Pr65 by actin appears to at least be specific. Similar binding assays using purified Pr65 in a plate binding assay were also positive. The major limitation of all these studies is that Pr65 has to be denatured in order to be isolated and analysed. Thus the theoretical possibility that the binding is unique to the denatured protein cannot be overcome.
The Pr65 molecule is a polyprotein which is cleaved during virus maturation, yielding a number of polypeptide domains. Thus it is possible to examine whether actin-binding is associated with a particular domain of the polyprotein. Direct binding studies indicated that actin binding could be detected with the purified P15 domain. This is a particularly hydrophobic species and advantage was taken of this to examine a possible association between the two proteins. P15 partitions quanti tatively into the detergent phase during Triton X-114 separation (Bordier, 1981) , whereas actin partitions quantitatively into the aqueous phase. However, when mixed, some of the actin co-purifies with the P15, indicating that complexing has occurred. Although these studies are still only preliminary, they do suggest that the Pr65 molecule can bind actin filaments at least in vitro.
GENERAL DISCUSSION
The major point to emerge from this study is that at least one actin filament forms a stable connection to the tip of the P815 filopodium by way of a retrovirus particle situated at the tip of the projection. The reason for the apparent preference for a single attached filament is not clear, but two possibilities are obvious. First, the attachment of a single filament could actually provide the stimulus for the growth of the projection. Subsequent attachment of other filaments could be precluded by changes in the virus particle during maturation. Alternatively, attachment sites for the actin filament may only become exposed at the most terminal stages of viral assembly, whereupon, for steric reasons, only one filament could be accommodated. This latter possibility is consistent with the known mechanism of retrovirus assembly (Bolognesi et al. 1978) . Since this proceeds with the Pr65 polyprotein in direct attachment to the membrane, only at the latest stages of the process can a small set of Pr65 molecules that are incorporated into the nucleocapsid, but still not inserted into the membrane, become available-for attachment to actin filaments. Fig. 7 . lzsI-labelled actin gel overlay on P815 filopodia and plasma gelsolin. P815 filopodia (lanes 1) and pig plasma gelsolin (lanes 2) were fractionated by SDS-PAGE in 10/14% polyacrylamide gels and processed for 12 I-labelled actin overlay (Snabes et al. 1983) . The lanes on the left show Coomassie-Blue-staining of the samples. The other lanes are autoradiographs after 125I-labelled actin overlay of samples run on the same gel under EGTA or Ca2+ conditions (using buffers described by Snabes et al. 1983) as indicated. Arrowheads indicate: top, the calcium-sensitive binding protein (plasma) gelsolin; and bottom, the calcium-insensitive binding protein, which co-migrates with Pr65i'*. 
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Koch enough Pr65 molecules to accommodate a single actin filament may be available. Testing of those hypotheses should be possible with the Gazdar strain of murine retrovirus, which does not undergo proteolytic processing and provides a homo geneous source of immature retrovirus particles consisting only of unprocessed Pr65 polyprotein (Pinter & de Harven, 1979) .
What then are the consequences of this association between apical retrovirus particles and actin filaments on the mechanism of filopodial growth? The first is a negative one. In order that a projection can grow via membrane addition, the process must occur by way of vesicle fusion at the growing tip. Since the tip of the P815 filopodium is occupied by a virus particle, vesicle fusion cannot occur by the generally accepted process. The fact that the virus particle, and therefore the growing tip, is anchored to the cytoplasmic matrix by an actin filament makes it unlikely that, even if vesicle fusion could occur, it would provide a motive force of sufficient magnitude to overcome this anchorage.
Although this is a somewhat unusual system, it provides one of the first lines of evidence that microfilaments actually attach to the tip of a filopodium. Previously this was only inferred from the apparent proximity of filaments to the tip and the consistent polarity of the actin filaments with the preferred end for growth at the apical end. However, it was never clear whether a binding site of significant affinity existed at the tips for the filaments. Taken together with the above-mentioned circumstantial evidence, it is possible that this is a general characteristic of filopodia.
The existence of apex-filament interactions adds further support to the idea that actin filaments actually participate in the growth of projections. It is frequently suggested that actin polymerization at the tip effectively pushes it out and thereby growth is derived. However, the problem with such a mechanism is that extension of the membrane must precede actin polymerization, and therefore the ultimate force must come from elsewhere.
A model for filopodial growth that appeals to us is one involving microfilament capture. Thus at the site of growth, binding sites would develop for the attachment of actin filaments from the cortical meshwork. Once some filaments have become attached at the membrane by their ends, cross-linking proteins would start to maximize contacts between actin filaments (although tight bundling such as that of structures such as microvilli may not be essential) as well as lateral attachments to the membrane. As a result a co-ordinated configurational change of cytoplasmic matrix and membrane would have to occur to accommodate these interactions, and the formation of a projection, and its extension, would provide an arrangement that would maximize the interactions. This type of model requires an initial nucleation step that could be readily emulated by viral particles, thereby generating virus-tipped projections. Thus the major factor determining the propensity towards the formation of projections would be the state of the cytoplasmic matrix.
The presence of apically anchored microfilaments in a growing filopodium would not preclude the operation of a mechanism of growth involving a local increase in pressure such as that proposed recently (Oster, 1984) . However, it is worth emphasizing that models based on hydrostatic-pressure effects might also require apically anchored microfilaments. Such an arrangement will ensure that the tip does not herniate out of control, but remains linked to the cytoplasmic matrix throughout the growth of the projection. However, in such a case the pressure exerted at the tip would not only extend the membrane outwards, but also carry some structural elements with it.
These studies have clarified one aspect of structure in one type of filopodium. Clearly, they only represent a small step towards the elucidation of the mechanism of growth of such projections. A process as complicated as this must depend on a large number of interactions. An understanding of precisely which components interact with one another will provide the structural basis for the elucidation of the mechanisms involved.
